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Abstract 
Higher depletion rate and increasing price of fossil fuels have motivated many researchers to harness energy from the waste heat 
from internal combustion engines, and thus improve the overall efficiency. Among the waste heat recovery methods, the bottoming 
Rankine cycle is the most promising. In this technique, the recovered heat is used to produce additional power using turbine. In 
order to maximise the additional power production, an effective heat exchanger design is necessary. The main focus of the current 
research was to design heat exchangers which needed to be pancake-shaped to be retrofitted into a vehicle. The heat exchanges 
chosen were shell and U-tube type. CFD simulations were carried out to optimize the design of the heat exchangers and calculate 
the additional power that could be achievable by using this optimized pancake-shaped heat exchangers. 
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1. Introduction  
Diesel engines have a wide field of applications because of their higher efficiencies. Trucks, buses and earth moving 
machineries use high speed diesel engines.  Diesel engines are also used in small electrical generating units or as 
standby units for  medium capacity power stations. Engine based power production today  represents around 10-15% 
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Nomenclature 
u,v,w velocity component in x,y and z directions, respectively, m/s  
T  temperature, K 
ߩ density, kg/ m3  
߬ shear stress, N/m2  
ߛ conductivity coefficient at bulk temperature of the fluid, W/mK 
 
of the total installed capacity in the world [1]. Despite higher efficiency, a significant amount of input energy is 
expelled to the environment through the exhaust of a diesel engine. Hatazawa et al. [2] studied a water cooled diesel 
engine and found that about 25% and 40% of the input energy were wasted to the coolant and exhaust gases, 
respectively. So, generally, a typical diesel engine rejects 30-40% of the input energy through the exhaust gas of the 
engine. Since the wasted energy represents about two-thirds of the input energy [3], exhaust gas from diesel engines 
is a significant heat source which can be used in a number of ways to provide additional power and improve overall 
thermal efficiency of the engine. Therefore, WHR technologies as well as the use of alternative fuels will be able to 
reduce the harmful emissions per unit of power produced [4-7]. Exhaust gas has higher recovery potential than the 
coolant because of its higher temperature and greater exergy content [8]. 
Turbocharging [9, 10], cabin air-heating [11], desalination [12] and reducing engine warm-up time [13] are 
conventional technologies to utilize exhaust gas with a low recovery rate. Relatively new major technologies for WHR 
include turbocompounding and thermal WHR based on Rankine Cycle (RC), and Thermoelectric generation (TEG). 
Among these heat recovery systems, RC is the most promising. Hountalas et al. [14] developed a simulation model to 
describe the potential efficiency gain of a Rankine bottoming cycle applied to a HD truck powered by a diesel engine. 
They were able to improve the brake specific fuel consumption (bsfc) by 9%. Between the RC system and the turbo-
compounding of WHR, Weerasinghe et al. [15] made a numerical simulation comparing their power output and fuel 
savings. The results revealed the relative advantages of the RC over turbo-compounding. According to their study, 
7.8% of power was recovered by using the RC system whereas only 4.1% of power was recovered by using the 
turbocompounding. A similar comparison between different WHR systems was also conducted by Houtalas el al. in 
their study [16, 17]. They compared mechanical turbocompounding, electric turbocompounding, RC and organic 
Rankine cycle (ORC) based WHR by computer simulation to extract heat from the exhaust of a diesel engine. They 
found that mechanical turbocompounding, electric turbocompounding, and RC based WHR were capable of improving 
bsfc by 4.8%, 6.0%, and 9.0%, respectively.   
With the exception of mechanical turbo-compounding, RC- and ORC-based heat recovery systems need to utilize 
heat exchangers to extract energy from the waste heat. The heat exchanger design is critical as it needs to provide an 
adequate surface area in order to cope with the thermal duty [18]. The pressure loss across the heat exchangers also 
needs to be reasonable to avoid back pressure that will have a negative impact on the net engine power and efficiency. 
These are the challenges needed to be investigated to design an effective heat exchanger to extract heat efficiently with 
a low pressure drop from the exhaust of the diesel engines. Another important challenge is to design a compact heat 
exchanger, if possible in pancake-shaped without sacrificing the performance to be retrofitted into vehicles.  
This research aims to design a pancake-shaped shell and U-tube heat exchanger to be retrofitted in a sport utility 
vehicle (SUV). CFD simulations were carried out to calculate the additional power that could be achievable by using 
these heat exchangers.       
2. Heat Exchanger Model  
In order to construct and validate a model of heat exchanger, two heat exchangers were purchased from the market 
place and they were tested in a 4-stroke, 4-cylinders, water-cooled HINO W04D diesel generator-set. The gen-set was 
loaded with a 50 kVA resistive load. A photograph of the purchased heat exchanger is shown in Fig. 1. The existing 
heat exchanger model drawing was created by Computer Aided Design (CAD) software SolidWorks2012. In the 
model, 30° triangular staggered array layout was used for the tube arrangement of the heat exchanger. The geometry 
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model was then meshed using ANSYS meshing software. The ANSYS CFX14.0 was used to solve the equations for 
the fluid flow and heat transfer analysis.  
 
 
 
 
 
 
 
 
 
 
Fig. 1: Purchased heat exchanger. 
 
The modeling of the heat exchanger was based on steady state Navier-Stoke equations. The governing equations 
for the flow and conjugate heat transfer were modified according to the conditions of the simulation setup. As the 
problem was assumed to be steady, the time dependent parameters were dropped from the equations. The resulting 
equations are:  
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To solve the problem, the k-ω based Shear-Stress-Transport (SST) turbulent model [19] was employed and an 
energy equation was included in the model. The k-ω based SST model accounts for the transport of the turbulent shear 
stress and gives highly accurate predictions regarding the onset and the amount of flow separation under adverse 
pressure gradients. It is actually an eddy-viscosity based model which combines both the k-ε and k-ω models. The use 
of the k-ω formulation in the inner parts of the boundary layer makes the model applicable down to the wall through 
the viscous sub-layer, hence the k-ω based SST model can be used for low Reynolds number turbulence model without 
any extra damping functions. 
In order to make the simulation more accurate, different meshing schemes were used. The solid tubes were meshed 
using sweep mesh whereas the fluid volumes were meshed using tetragonal-hybrid elements. The final refined mesh 
was selected by comparing the simulation results of model with different mesh density and meshing schemes. The 
final model of the heat exchanger had 11,773,030 elements and grid independent solution was acquired.    
Cold inlet Cold outlet 
Hot inlet Hot outlet 
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3. Results and Discussion  
3.1. Experimental Results 
At first, experiments were conducted with the purchased heat exchangers to determine the performance of the heat 
exchangers and then, the additional power recoverable was estimated. To do these, as mentioned before two identical 
shell and tube heat exchangers (Fig. 1) were purchased and experiment was conducted. The experimental results and 
the simulation results are compared and it is presented in Fig. 2. It is clear from the figure that the effectiveness found 
from the experiment was approximately 10% lower than the CFD simulation results.  This could be due to the presence 
of fouling sources in both hot and cold fluids in the experiments. The presence of soot and particles in the exhaust gas 
can increase resistance to the heat transfer inside the tubes and the untreated water in the shell of the heat exchangers 
can have a fouling effect on the shell side. This would decrease the shell side and tube side heat transfer coefficients 
[20] resulting in a lower effectiveness in the experiments. These effects were not considered in the CFD simulation. 
Lei et al. [21] reported an 8% discrepancy between CFD simulations and experimental results. As the discrepancy 
found in the current model and the literature was close enough, it can be concluded that the model was appropriately 
constructed and the experimental and simulation results were in adequate agreement. 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Comparison of simulation results validation with experimental results. 
From Fig. 2, the performance of the heat exchangers at different powers of the engine can be seen. The 
effectiveness was found to be 0.44 at the rated power of 26.43 kW.  However, it is found from extensive literature 
review that the effectiveness of the shell and tube heat exchanger is reported to be in the range of 0.7 and 0.99 [22, 
23]. Therefore, initially the performance of the design of the heat exchangers of round-shaped and then, pancake-
shaped were optimized.  
For round-shaped and pancake-shaped designs, the effects of important parameters of heat exchanger such as 
length, diameter of the shell, number and diameter of tubes on the performance of the heat exchangers were 
investigated. The potential additional power was then calculated using actual turbine efficiency [24, 25]. The round-
shaped optimized heat exchanger was 2 m in length and the shell diameter was 90 mm. This heat exchanger could be 
used for diesel engine based stationary power generators as they do not have any space constraints. However, design 
of heat exchangers need to be compact and pancake-shaped to be retrofitted into a vehicle. So, attempts were made to 
redesign this round-shaped heat exchanger. During the redesign of the heat exchangers, the total heat transfer surface 
area of the round-shaped and the pancake-shaped heat exchangers were approximately kept constant. The shape of the 
heat exchanger was only changed to fit into a vehicle. The specifications of the optimized round-shaped and redesigned 
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pancake-shaped heat exchangers are presented in Table 1. The 3D model of the optimized round-shaped and 
redesigned pancake-shaped heat exchangers are presented in Fig. 3.  
Table 1. Heat exchanger specification.  
Features  Optimized heat exchanger  Redesigned heat exchanger  
Shell  Outer diameter 96 mm 1100ൈ160ൈ90 mm 
Tube No. 31 36 
Tube diameter  OD 11mm, ID 9.44 mm OD 13mm, ID 10 mm 
Baffle design  50% cut, circular  50% cut, rectangular  
Baffle No.  7 7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                        (a)                                                                                        (b) 
  
Fig. 3. 3D model of heat exchanger (a) Optimized round-shaped (b) Optimized pancake-shaped. 
 
3.2. Effectiveness of the heat exchanger  
The comparison of the effectiveness of the optimized round-shaped and pancake-shaped heat exchangers is  
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
Fig. 4. Effectiveness variation at different power for round-shaped and pancake-shaped heat exchangers. 
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presented in Figure 4. It is evident from the figure that the effectiveness of pancake-shaped heat exchanger is on 
average 3% higher than that of the optimized round-shaped heat exchanger. Though it was intended to have equal 
surface area between round-shaped and pancake-shaped heat exchangers, but due to U-shape as can be seen in Fig. 
3b, the total heat transfer area of the pancake-shaped heat exchanger was 5% higher than the round-shaped one. Also, 
as the fluid passed through the bend, it slowed down resulting more residence time for heat transfer. As a result, the 
effectiveness of the pancake-shaped heat exchanger was higher than the effectiveness of the round-shaped heat 
exchanger.     
3.3. Additional power generation   
Extra power that could be recoverable from the exhaust of the diesel engine with the proposed shell and tube heat 
exchangers is presented in Fig. 5. The additional power generation by extracting heat from the exhaust gas was 
calculated at different working pressures of the working fluid. It is found from the figure that the pancake-shaped heat 
exchanger was able to generate 7.1% higher additional power than the round-shaped one. The maximum additional 
powers achieved by optimized round-shaped and pancake-shaped heat exchangers were 9.8 kW and 10.5 kW, 
respectively.  
 
 
Fig. 5: Additional power generation at various working pressure. 
 
 
These additional powers were calculated assuming conservative turbine efficiency of 70% [24, 25].  These additional 
powers resulted into 23.6% and 25.1% additional power generation by round-shaped and pancake-shaped heat 
exchangers, respectively. The working pressure of the working fluid at the maximum additional power was found to 
be 30 bar for both heat exchangers.         
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4. Conclusion  
The exhaust of a diesel engine contains 40% of the input energy and usually this energy is wasted by expelling to 
the atmosphere. The overall efficiency of the diesel engine can be improved by recovering this waste heat to produce 
additional power by turbine using RC. In this research, optimized heat exchangers were designed to be retrofitted into 
vehicle. The following outcomes were established from this research: 
x Pancake-shaped heat exchanger was able to generate 10.5 kW additional power whereas, round-shaped 
heat exchanger was able to produce 9.8 kW. The round-shaped heat exchagers were not suitable in vehicle 
operation because of the space limitations. However, round-shaped heat exchangers are easy to 
manufacture and relatively easy to clean. They can be used in diesel engine based generators. 
x The improvements of power of pancake-shaped and round-shaped heat exchangers were 25.1% and 
23.6%, respectivley. 
x The additional power varies with the working pressure of the working fluid and the optimum pressures 
for both the pancake- and round-shaped heat exchangers were found to be 30 bar. 
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